B
asal cell carcinomas (BCCs) frequently arise in sporadic fashion, almost always in the context of longterm exposure to UV radiation. 1 They can develop in the setting of various genodermatoses as well, including basal cell nevus syndrome (BCNS) (also known as Gorlin syndrome), Bazex-Dupré-Christol syndrome, and Rombo syndrome, among others. 2 Of these, the genetics of BCNS are best understood, with most patients having an autosomal dominant inherited patched 1 (PTCH1) (OMIM 601309) gene mutation. 3 The PTCH1 gene, a regulator of the sonic hedgehog pathway, is commonly mutated in sporadic BCCs also, although mutations in other components of this pathway have been implicated in BCC tumorigenesis. 1 In 1999, Requena and colleagues 4 described a new genodermatosis characterized by numerous infundibulocystic BCCs located mostly on the face, autosomal dominant inheritance, and an absence of palmar pits, jaw cysts, or other stigmata of BCNS; they termed the genodermatosis multiple hereditary infundibulocystic BCC syndrome (MHIBCC) (OMIM 604451). Infundibulocystic BCCs are a well-differentiated subtype of BCC composed of buds and cords of bland basaloid cells, often in association with cystic spaces that resemble the follicular infundibulum, which tend to behave in an indolent fashion. This uncommon subtype of BCC can also be encountered sporadically or, intriguingly, in the setting of BCNS. 5 Why infundibulocystic BCCs behave less aggressively than other BCC subtypes and why they occur in multiplicity in MHIBCC or in some patients with BCNS are not understood. We aimed to use wholeexome sequencing to identify the genetic basis for MHIBCC and potential mechanisms for the development of infundibulocystic BCCs in that setting.
Report of a Case
A woman in her 60s presented to our clinic for evaluation of multiple dome-shaped, skin-colored asymptomatic papules located on the face and vulva ( Figure 1A and B). These papules first appeared around 50 years of age and gradually increased to approximately 60 lesions. Eight of the lesions underwent biopsy, all of which showed buds and cords of basaloid cells enclosing small cystic spaces, consistent with infundibulocystic BCC ( Figure 1C ). She had no palmar or plantar pits, and radiographic studies did not reveal any jaw cysts. Therefore, we thought that MHIBCC represented the best diagnosis for her condition. The patient's medical history was significant for a meningioma. Her family history was notable for a daughter with similar facial papules that had not undergone biopsy.
IMPORTANCE
Multiple hereditary infundibulocystic basal cell carcinoma syndrome (MHIBCC) is a rare genodermatosis in which numerous indolent, well-differentiated basal cell carcinomas develop primarily on the face and genitals, without other features characteristic of basal cell nevus syndrome. The cause is unknown. The purpose of the study was to identify a genetic basis for the syndrome and a mechanism by which the associated tumors develop.
OBSERVATIONS Whole-exome sequencing of 5 tumors and a normal buccal mucosal sample from a patient with MHIBCC was performed. A conserved splice-site mutation in 1 copy of the suppressor of fused gene (SUFU) was identified in all tumor and normal tissue samples. Additional distinct deletions of the trans SUFU allele were identified in all tumor samples, none of which were present in the normal sample.
CONCLUSIONS AND RELEVANCE A germline SUFU mutation was present in a patient with MHIBCC, and additional acquired SUFU mutations underlie the development of infundibulocystic basal cell carcinomas. The downstream location of the SUFU gene within the sonic hedgehog pathway may explain why its loss is associated with relatively well-differentiated tumors and suggests that MHIBCC will not respond to therapeutic strategies, such as smoothened inhibitors, that target upstream components of this pathway.
Owing to her increasing tumor burden, the patient elected to initiate therapy with the smoothened protein (SMO) inhibitor vismodegib; after 9 months of treatment, the size and number of her tumors had not decreased, and therapy was discontinued. The patient provided written informed consent, and our study was approved by the committee on human research at the University of California, San Francisco. Based on the autosomal dominant inheritance pattern of MHIBCC and the presence of tumors at multiple body sites, we hypothesized that the patient could have a germline mutation in a tumor suppressor gene with acquired second-hit mutations in her tumors. Our approach therefore entailed sampling unaffected (normal) buccal tissue to search for a mutation shared with the patient's tumor samples, and we selected a total of 5 tumors from the face (n = 3) and vulva (n = 2) for sequencing to identify acquired mutations that, in the case of the vulvar tumors, would not be expected to be exclusively induced by UV radiation.
We prepared libraries for tumor and unaffected samples using a DNA library preparation kit (KAPA Hyper Prep; Kapa Biosystems) and used an exome sequencing system (HiSeq; Illumina) with a reagent kit (Sure Select CRE; Agilent) to provide at least 200× coverage of the transcriptome. Sequencing data for each sample was aligned by the Burrows-Wheeler transform algorithm using default variables, duplicate marked by Samblaster open-source software, and underwent insertion-deletion realignment and base quality recalibration by GATK-Lite (version 2.3; Broad Institute). Tumor vs matched normal tissue variant analysis was performed using an analysis pipeline (NantOmics Contraster; Nanthealth) to determine somatic and germline small variants and estimate relative coverage per exon, as previously described.
6 Small variants were annotated with base- 
Results
We detected deletions of chromosome 10 in all tumor samples by drops in relative coverage and concordant allelic imbalances, estimated by comparing reference and alternate allele sequencing depths in each tumor at heterozygous dbSNP loci in the unaffected sample (Figure 2) . Based on the distinct locations and spans of the observed allelic imbalances, the losses on chromosome 10 likely occurred independently in each tumor. We then examined the other copy of chromosome 10 in the tumors, in which we detected a mutation in all of the tumors at a conserved splice acceptor site of intron 6 of the suppressor of fused gene (SUFU [OMIM 607035]) (c.757-2A>G). This variant allele was also present on the same copy of chromosome 10 in the normal tissue sample, consistent with a uniparental germline mutation. Unlike in the tumors, the wild-type trans copy of the SUFU gene in the unaffected sample was preserved.
Discussion
In the original report of MHIBCC, 4 5 individuals from 2 families were identified with numerous infundibulocystic BCCs on used whole-exome sequencing to conduct a much broader search for a genetic basis for MHIBCC. We identified a conserved SUFU splice-site mutation in normal and tumor tissue samples from our patient, and we identified additional, distinct deletions affecting the other copy of SUFU in each of the tumors but not in the normal buccal sample. No other mutations were present. Based on these results, we propose that MHIBCC is caused by a germline SUFU mutation with individual infundibulocystic BCCs arising as a result of acquired second-hit SUFU mutations.
The SUFU protein is a component of the sonic hedgehog pathway that acts as a tumor suppressor by binding to and modulating the function of the transcription factor Gli.
7,8 Mutations of the SUFU gene have been studied mostly in the context of medulloblastoma, in which they have been implicated in sporadic and familial cases, and in the context of familial multiple meningioma. 7,9,10 Mutations in SUFU also have been identified in several patients who fulfill diagnostic criteria for BCNS but lack PTCH1 mutations. 3, 11, 12 In each of these families with SUFU-associated BCNS, at least 1 family member developed a medulloblastoma or meningioma; this is a much higher rate than is seen in BCNS overall. 11 Our patient also reported a remote history of a meningioma, further supporting this potentially significant association. Recently, Mann and colleagues 13 described a patient with a germline SUFU splice-site mutation who had 2 children with medulloblastoma; on physical examination, this patient had multiple skin-colored facial papules that histopathologically demonstrated basaloid proliferations with follicular differentiation. We suspect that these facial lesions, characterized as basaloid follicular hamartomas, are actually infundibulocystic BCCs (indeed, the 2 entities may be synonymous) and that this patient shares the same diagnosis as our patient. 14 Consequently, the association between a SUFU mutation and MHIBCC in our patient can be considered a reproducible phenomenon.
Tumors that characterize MHIBCC behave more indolently than other subtypes of BCC. This behavior may reflect the relatively downstream position of SUFU protein in the sonic hedgehog pathway, such that SUFU mutations may be less disruptive to the regulation of the pathway than mutations in upstream components, such as PTCH1 or SMO, might be. The downstream position of SUFU relative to SMO in the hedgehog pathway also means that tumors with SUFU mutations may be resistant to SMO inhibitors or other treatments targeting upstream components of the pathway. This concept is supported by the observation that vismodegib resistance can be achieved through acquired copy number changes or mutations in SUFU, and it likely explains why our patient's tumors were refractory to vismodegib treatment. 15 
Conclusions
A germline mutation in the tumor suppressor gene SUFU is associated with MHIBCC, and the tumors that develop in this syndrome are induced by additional acquired mutations in the trans copy of that gene. Mutations in SUFU are also found in some patients with BCNS, especially those with a predisposition toward medulloblastoma or meningioma, and MHIBCC and SUFUassociated BCNS may represent phenotypic variants of a common syndrome. A heightened awareness of the risk for medulloblastoma or meningioma in patients with these syndromes and their relatives may be warranted. Patients with these syndromes may not be responsive to vismodegib treatment or other SMO inhibitors. The downstream role of SUFU protein within the sonic hedgehog pathway also provides a potential explanation for the relatively indolent behavior of infundibulocystic BCCs that develop in patients with MHIBCC. Further investigation is warranted to determine whether the same mechanism underlies sporadic infundibulocystic BCCs as well.
